Chloroplasts are the organelles of green plants in which light energy is transduced into chemical energy, forming ATP and reduced carbon compounds upon which all life depends. The expenditure of this energy is one of the central issues of cellular metabolism. Chloroplasts contain ∼3,000 proteins, among which less than 100 are typically encoded in the plastid genome. The rest are encoded in the nuclear genome, synthesized in the cytosol, and posttranslationally imported into the organelle in an energy-dependent process. We report here a measurement of the amount of ATP hydrolyzed to import a protein across the chloroplast envelope membranesonly the second complete accounting of the cost in Gibbs free energy of protein transport to be undertaken. Using two different precursors prepared by three distinct techniques, we show that the import of a precursor protein into chloroplasts is accompanied by the hydrolysis of ∼650 ATP molecules. This translates to a ΔG protein transport of some 27,300 kJ/mol protein imported. We estimate that protein import across the plastid envelope membranes consumes ∼0.6% of the total light-saturated energy output of the organelle.
T he majority of proteins in cells are synthesized in the cytoplasm on free or membrane-bound ribosomes. The fraction of proteins that are translocated across one or more cellular membranes has been estimated to be almost 50% in eukaryotic cells (1) and as high as 30% in bacteria (2, 3) . Thus, protein movement out of the cytoplasm across membranes represents a considerable cellular activity involving numerous and varied protein transport systems. Protein translocation across membranes is also generally an energy-requiring process, making it a potentially costly activity for cells (4) .
The nature of the energy inputs to the different protein translocation systems has been extensively studied. We know, for example, that the posttranslational transport of proteins into the endoplasmic reticulum requires ATP hydrolysis alone (4) (5) (6) , and that the transport of proteins into the thylakoid lumen or across the bacterial plasma membrane on the Tat pathway requires only the transmembrane protonmotive force with no contribution of ATP hydrolysis (7, 8) . A more complex energy input is required for many other protein transport systems. For instance, the import of proteins into the mitochondrial matrix requires both ATP hydrolysis and the Δψ across the inner mitochondrial membrane (9) (10) (11) , and bacterial secretion and protein transport to the thylakoid lumen on their respective Sec pathways use ATP hydrolysis and the protonmotive force (3, 7, 12, 13) .
In contrast to the abundance of work defining the nature of the energy driving protein transporters, few attempts have been made to quantitate the amount of energy required for these reactions. Without this information, it is not possible to assess the amount of metabolic energy that is spent on the cell's considerable protein trafficking activity. One such measurement of the energy required for protein transport is the so-called translocation ATPase activity of the bacterial Sec pathway observed with inverted plasma membrane vesicles from Escherichia coli (14, 15) . In these experiments it was found that ∼700 ATP molecules were hydrolyzed per prOmpA molecule exported when the membranes were allowed to develop a protonmotive force. This number rose to more than 5,000 ATP per protein translocated when the protonmotive force was dissipated by the addition of ionophores. Because the energy content of the protonmotive force was not quantitated in these studies, it is not possible to know the amount of Gibbs free energy used for transport (ΔG protein transport ) of prOmpA from these experiments.
The sole protein translocation system for which the ΔG protein transport was experimentally determined (in our laboratory) is the chloroplast Tat (cpTat) pathway responsible for the transport of a subset of proteins from the chloroplast stroma into the thylakoid lumen (16) . We chose this system for analysis because it has a simple energy input in the form of the transmembrane protonmotive force; no NTP hydrolysis is required or contributes to this process. Measurements of the drain of the protonmotive force during protein transport revealed that an energetic equivalence of more than 10,000 ATP molecules were spent per protein transported on this pathway. Although this amount of energy seems excessive, we noted that chloroplasts can sustain maximum rates of protein transport on the cpTat pathway and give up less than 3% of their capacity for photosynthetic ATP synthesis.
The high cost of protein transport on the cpTat pathway, as well as that for the uncoupled bacterial Sec pathway, raised the possibility that protein trafficking might impose a large, previously unrecognized drain on a cell's energy budget. To determine if this is the case, we have been working to expand our studies of the ΔG protein transport to different membrane transporters. An obvious next choice for our analysis is the translocation of proteins across the chloroplast envelope membranes from the cytoplasm to the chloroplast stroma through the translocons of the outer and inner envelope membranes of chloroplasts, the so-called Toc and Tic machineries. As with the cpTat pathway, this reaction has an experimentally simple energy input, in this case requiring only the hydrolysis of exogenously added ATP with no assistance from the protonmotive force. We report here that this protein import reaction requires the hydrolysis of an average of 650 ATP molecules per precursor imported, which in dark-adapted chloroplasts (17) translate to a ΔG protein transport of ∼27,300 kJ/mol.
Results

Effect of Inhibitors on Intrinsic Background ATPase Activity in Intact
Chloroplasts. For ease of reference, we define the background ATPase activity as that measured in the absence of protein import substrate, signal ATPase activity as the total ATPase activity measured during protein import minus the background ATPase activity, and the translocation ATPase activity as the signal ATPase activity divided by the amount of protein imported, yielding ATP hydrolyzed per protein imported.
To increase the signal-to-noise ratio of the measurement of the ATP hydrolyzed during protein import, we wanted to minimize the intrinsic background ATPase activity manifested in our isolated chloroplasts. As a first step toward this goal, we examined the effect of tentoxin on the intrinsic rate of ATP hydrolysis in the absence of a protein import substrate. Tentoxin is a well-characterized inhibitor of the reversible chloroplast CF1/CF0 ATPase responsible for photophosphorylation (18) (19) (20) (21) . Whereas the CF1/CF0 ATPase is relatively inactive in dark-adapted chloroplasts (22) , it is nonetheless responsible for a low amount of ATP hydrolysis even in its nonactivated form. This is evidenced by the ability of exogenous ATP to create, through reverse proton pumping, a protonmotive force sufficient to support some protein transport on the Tat pathway (7) . Fig. 1 shows that a low-background ATPase activity of 0.6 μmoles ATP hydrolyzed per milligram chlorophyll (Chl) per hour was measured in our samples in the absence of any inhibitors. Compared with the published activity of >100 μmoles, ATP hydrolyzed per milligram Chl per hour seen after coupling factor activation (22, 23) , we can conclude that the CF1/CF0 ATPase is indeed in its inactive state. However, this background activity is in the same range as the signal ATPase activity for translocation that might be expected using reasonable assumptions concerning the rates of protein import and coupling stoichiometry. The background activity dropped by 30-50% when the chloroplasts were preincubated for 10 min at room temperature in the dark with 0.5 μM tentoxin and remained constant with higher concentrations of tentoxin up to 10 μM (Fig. 1) or with longer preincubation times (Fig. 2) . Because micromolar concentrations of tentoxin are also required to inhibit the ATPase activity of the activated CF1/CF0 coupling factor (18), we can tentatively conclude that approximately half of the background ATPase activity observed in our samples is due to the action of this enzyme, albeit operating in its inactivated form.
In an attempt to further suppress the intrinsic ATPase activity below that observed in the presence of tentoxin, we screened inhibitors of potential ATP-using biosynthetic pathways present in chloroplasts. Table S1 shows a list of the compounds tested, along with the metabolic pathways on which they act, which include RNA (24), protein, amino acid (25, 26) and carotenoid synthesis (27) , photophosphorylation (28) (29) (30) (31) (32) (33) (34) , the Calvin-Benson-Bassham cycle (33, 35) , and specific selected enzymes (33, 36, 37) . A useful inhibitor for our purposes would be one that lowered the background ATPase activity while having no (or a stimulating) effect on protein import. Accordingly, their effect on protein import was also measured for each potentially promising compound. As can be seen in Table S1 , only tentoxin possessed the desirable combination of qualities when compounds were analyzed individually. Fig. 2 shows experiments in which the background ATPase activity was measured using a combination of multiple inhibitors added together. A 25-50% reduction in ATP hydrolysis was observed with a combination of tentoxin and dichlorophenyldimethylurea (DCMU), the latter added to ensure the absence of any potentially confounding effects of the photosynthetic light reactions or recycling of released phosphate by photophosphorylation. The degree of ATPase inhibition with tentoxin and DCMU was relatively independent of the preincubation time. Further addition of a mixture of other inhibitors representing the pathways identified in Table S1 had only a minimal effect on the suppression of background ATPase activity. From these results, we decided to perform our translocation ATPase assays in the presence of tentoxin and DCMU only.
Effects of Time and [ATP] on the Import Reactions. We next sought to establish the time frame and ATP concentration with which to perform our experiments that would minimize the background ATPase activity and maximize the amount of protein imported into chloroplasts. Recognizing that the intrinsic ATPase activity is likely to be dependent on the ATP concentration used, we determined this rate at 1, 2, and 3 mM ATP, concentrations that would support protein import (38) (39) (40) . Fig. 3A shows that the background ATPase activity was indeed dependent on ATP concentration and remained fairly constant for up to 60 min. However, the rates measured at 2 and 3 mM ATP were not significantly different.
When the rate of protein import into isolated chloroplasts was examined as a function of ATP concentration and time, we observed the expected dependence on the concentration of ATP consistent with previous estimates of a K M of 0.9 mM for this process (38) (Fig. 3B ). We also observed that the import reaction continued in these experiments for at least 30 min without slowing, and sometimes even longer. This is longer than that usually reported for in vitro import reactions (38, 41) , which may be due to our keeping the chloroplasts in complete darkness during the reaction, thereby avoiding the formation of potentially harmful reactive oxygen species. This phenomenon was not investigated further.
Measurement of the Chloroplast Translocation ATPase Activity. In addition to minimizing the background ATPase activity operating in our isolated chloroplasts, an increase in the signal-to-noise ratio of the ATPase activity would be achieved by increasing the amount of protein imported. To this end, we incubated chloroplasts with high concentrations of precursors produced using three different techniques. In each instance the translocation ATPase activity was calculated as the amount of ATP hydrolyzed during the protein import reaction minus that hydrolyzed in identical reactions lacking only the import substrate, divided by the number of precursor molecules imported. Table 1 shows a compilation of seven experiments using radiolabeled precursor of the small subunit of RuBisCO (prSSU) that was produced by overexpression in bacteria from a cDNA possessing a C-terminal His 6 tag. After induction in the presence of [ 3 H]-leucine, the precursor was solubilized in 8 M urea and purified by Ni 2+ bead chromatography. Use of this precursor in chloroplast import experiments (Fig. S1 ), along with concurrent measurements of the chloroplast ATPase activity, yielded an average of 847 ± 135 ATP molecules hydrolyzed per protein imported.
We next sought to expand these results by repeating the measurements with a different precursor generated in the RTS 100 continuous-flow in vitro translation system (Materials and Methods). This system yields relatively high amounts of soluble precursor, obviating the need for urea denaturation required of our bacterially expressed precursors before the import experiments. Additionally, precursors synthesized in this manner are added to the import reactions along with chaperones and other elements of the wheat germ translation mix that have been reported to be active in chloroplast import experiments (42) . The radiolabeled precursor used in these experiments was GFP preceded by a stromal targeting signal comprising the prSSU transit peptide followed by 22 amino acids of the mature protein (tp22-GFP, Materials and Methods). After translation, both precursor and β-glucuronidase (GUS) translation products were filtered through Zeba Spin Desalting Columns (7K MWCO) to remove small molecules from translation mixtures. Those small molecules include nucleotides, free amino acids, and the substrate for the ATP regeneration system, creatine phosphate. Accordingly, no ATP originating from the wheat germ system contributed to the import reactions. A fluorograph showing the import of this precursor is presented in Fig. S2 . Table 2 shows the results of three experiments performed with this precursor, which together yielded a translocation ATPase activity of 210 ± 117 ATP molecules hydrolyzed per protein imported. The translocation ATPase activity observed with this precursor is somewhat lower than that observed with bacterially overexpressed prSSU described previously, but when viewed next to the ∼11,500 ATP equivalents per protein translocated on the cpTat pathway, it is clear that they are both orders of magnitude lower.
The requirement for minimal media when overexpressing radiolabeled precursors in bacteria reduces the protein yield compared with that obtained with nonradiolabeled overexpression in complete media. Because we wanted to saturate the import machinery for our translocation ATPase assays, we performed a third set of experiments with nonradioactive tp22-GFP overexpressed in bacteria. In this case, we detected the import of the mature GFP protein by immunoblotting (Fig. 4 and Fig. S3) . Quantitation of the immunoblots from three such import experiments, coupled with the simultaneous measurements of the import-dependent ATPase activity, is presented in Table 3 . The average translocation ATPase activity measured in this way was 637 ± 259 ATP molecules hydrolyzed per protein imported, which is again within the same order of magnitude as that determined in the two previous experiments described previously.
Discussion
The amount of metabolic energy required to transport proteins across biological membranes is a potentially important issue given the large fraction of proteins in both eukaryotes and prokaryotes that function only after being targeting from the cytoplasm across one or more membranes. However, this has received little attention to date.
Although a translocation ATPase activity for the transport of prOmpA on the E. coli Sec pathway has been measured, the energetics of this pathway is complex, requiring obligatory ATP hydrolysis with optional assistance by the protonmotive force. Not surprisingly, dissipation of the protonmotive force caused the number of ATPs hydrolyzed per protein transported to increase from ∼700 to 5,000 or more (14) . It was later determined that a single energy-dependent step for the Sec translocon results in the transport of about 50 amino acids of an unfolded linear substrate (43), which is consistent with an independent measurement of 5 ATP hydrolyzed per amino acid transported (44) . One might argue that 5,000 ATP hydrolyzed per protein transported is indeed the true cost of this process given that no other energy input beyond ATP hydrolysis is available when the protonmotive force has been removed. However, this might not be correct if the role of the protonmotive force is to prevent retrograde motion of the protein in the translocon, as has been suggested (4, 14) . In such a scenario, the translocation simply becomes inefficient in the absence of a protonmotive force because the translocon would be forced to repeat the same energy-consuming steps to achieve an overall forward motion of the protein across the membrane. On the other hand, if the protonmotive force biases the movement of proteins through the translocon, then this energy input must be accounted for in the calculation of the ΔG protein transport . Accordingly, the actual cost of prOmpA transport through the bacterial Sec pathway must be between the energy content of 700 and 5,000 ATP molecules, some 33,600-240,000 kJ/mol protein transported [assuming a ΔG ATP hydrolysis of −48 kJ/mol in E. coli (45) ].
To our knowledge, the only calculation of the total ΔG protein transport completed to date was carried out in our laboratory for the transport of OE17 across the thylakoid membrane on the cpTat pathway (16) . This pathway uses only the protonmotive force to affect protein transport, with no contribution by , and where indicated, a mixture of the inhibitors bispyribac-sodium, chloramphenicol, glyphosate, halosulfuron-methyl, penoxsulam, spectinomycin, imazethapyr, clomazone, malathion, and rifampicin, was added, bringing each to the specified final concentration. Chloroplasts were pretreated at room temperature in the dark for 15 min, and then ATP was added to 1 mM (cold ATP mixed with [ 32 P]-ATP). Samples were removed at 0 and 60 min and ATPase activities were determined. (B) Chloroplasts in IB supplemented with 1 mM DTT were incubated at room temperature for 30, 60, and 120 min in the absence or presence of inhibitors. A total of 1 mM ATP ([ 32 P] and cold) was added to start the ATPase reaction at room temperature in the dark. Samples were withdrawn at 0 and 30 min and ATPase activities were determined. Control, no inhibitors; inhibitor cocktail, each inhibitor mentioned at the indicated concentrations; TTX/DCMU, 5 μM tentoxin and 10 μM DCMU; TTX/DCMU + inhibitors, 5 μM tentoxin, 10 μM DCMU, each inhibitor mentioned above at 100 μM. Each point on the graphs is a mean of at least three replicates; error bars represent SD. ATP hydrolysis. By four independent means, we calculated the energy input for this reaction to be 690,000 kJ/mol protein transported, an energetic equivalent (17) of ∼11,500 ATP per protein.
The reason for such a high-energy input for this pathway is unclear, but one may speculate that it is related to the fact that proteins are transported on the cpTat pathway in a folded conformation. It may also be that the transport of a single protein requires multiple attempts, many of which are unsuccessful but costly in terms of energy, much as speculated previously for the Sec pathway operating without the protonmotive force.
A nonparametric bootstrap analysis of all of the experiments described in Tables 1-3 yielded a mean of 647.2 ATP molecules hydrolyzed per protein imported across the two chloroplast envelope membranes through the Toc and Tic translocons, with an associated 95% bias-corrected and accelerated (BCA) bootstrap confidence interval (46) of 460.8-793.1 ATP hydrolyzed per protein transported. This large spread is a reflection of the relatively high background ATPase activity observed in our chloroplasts; the increase in ATP hydrolysis attributable to protein import was sometimes greater than 10%, but averaged 6.2%. It is for this reason that we repeated our measurements 13 times with precursors produced by three different methods.
The precursor concentration used in the experiments of Table 3  are about 10-fold higher than those for the experiments of Tables  1 and 2 , resulting in an expected increase in the protein import rate, on average, in the former over the latter. At the same time, the rates of protein import-dependent ATP hydrolysis, the signal ATPase activity, roughly followed the protein import rates. This gave rise to a translocation ATPase activity, expressed as the ratio of the signal ATPase activity divided by the import rate, which is independent of the substrate concentration. This is exactly the behavior expected-more ATP hydrolysis with more protein import-if we were indeed measuring the ATPase activity of the protein import motor(s).
It is also noteworthy that although the same substrate was used in Tables 2 and 3 , the translocation ATPase activity in the former appeared to be half of that in the latter. Although we do not know whether these differences are significant, it is perhaps germane that the substrate for the Table 2 experiments was produced in a wheat germ translation medium, which has been reported to contain additional factors such as 14-3-3 proteins and molecular chaperones (42, 47) that can stimulate protein import. Although additional experiments are required to explore this point further, our data are consistent with the view that these factors might serve in some way to increase the efficiency of energy utilization during the import process.
We earlier postulated (16) that the high cost of protein translocation on the cpTat pathway might be explained by one of two possibilities. In the first, we recognize that thylakoids often operate at light levels exceeding that which can be captured for photochemistry and so there may be little evolutionary pressure to maximize the efficiency of protonmotive force-dependent protein transport. In the second, we postulated that this high-energy input is just the inherent cost of protein translocation across biological membranes. Clearly, the figure of 647 ATPs hydrolyzed per protein imported measured here eliminates the second possibility and is closer to the value operating in the bacterial protonmotive forceassisted Sec pathway than to that in the chloroplast Tat pathway. Whether other protein translocation systems throughout the cell will operate with this lower value-for example, an energetic equivalent of less than 1,000 ATP per protein transportedremains to be determined, but we now have two transporters out of three examined in which this appears to be the case. One can calculate that the energy drained from chloroplasts for protein import at saturating rates (48-50) is still only about 0.6% of the Chloroplasts were incubated at room temperature in the dark for 30 min in IB containing 5 μM tentoxin and 10 μM DCMU. ATP mixed with [γ-32 P]-ATP was then added to the chloroplasts reaching a final concentration of 1 mM, which was then incubated in the dark at room temperature for 15 min. DTT was added to final concentration of 1 mM (except experiment 3). Import reactions were started by adding 42.6 pmol of bacterially expressed ]-tp22-GFP), both of which were translated in the RTS wheat germ system (Materials and Methods). Samples were withdrawn at 0 and 60 min. ATPase activity analysis and import assay were as described in Table 1 and in Materials and Methods.
total energy-producing potential of the organelle (51) . If the assumption is made that the other protein translocation systems operating throughout the cell do so at rates and costs similar to that seen for the chloroplast envelope membranes, then it is possible for the ΔG protein transport measured here to apply to these other systems and still stay well within the 25-30% of the cell's total energy budget dedicated to protein synthesis and targeting (52, 53) .
Materials and Methods
Plant Materials and Growth Conditions. Pea (Pisum sativum, var. Little Marvel) seedlings were grown under 10/14 h light/dark periods at 23°C. Seedlings were harvested 8-10 d after germination.
Isolation of Chloroplasts and Treatment with Inhibitors. Intact chloroplasts were isolated essentially as described elsewhere (40, 54) . Where indicated, chloroplasts were incubated with inhibitors at room temperature in darkness; concentrations of inhibitors and time lengths of treatments are indicated in Tables 1-3 and Figs. 1-3 .
Synthesis of Precursor Proteins. Bacterially expressed radiolabeled prSSU. A cDNA encoding prSSU from pea was cloned into a pET161/GW/D-TOPO vector (Invitrogen) to produce an in-frame six-histidine tag at the C terminus. [ 3 H]-prSSU was expressed in E. coli strain BL21 CodonPlus as described previously (16) and was purified using Ni-NTA agarose according to the manufacturer's instructions (Qiagen) and concentrated using Ultra-15 Centrifugal Filtration Devices, again according to the manufacturer's instructions (Amicon). In vitro translated tp22-GFP. tp22-GFP is a chimeric protein created by fusing the coding region of the prSSU transit peptide followed by 22 amino acids from the mature SSU protein to that for GFP. The DNA construct was cloned into pET23a (Invitrogen). [ 3 H]-labeled tp22-GFP was produced by sequential in vitro transcription and translation. The linearized plasmid was transcribed using T7 RNA polymerase. Long-term in vitro translation was conducted using the RTS 100 Wheat Germ CECF Kit (Prime 5, Inc) according to the manual, with modifications. The translation was performed at 24°C for 24 h with shaking at 900 rpm in a Thermomixer R (Eppendorf). Control vector provided with the kit was used for translation of Fig. S4 . When assayed on their own without chloroplasts, the bacterially expressed precursors and flow-through solutions from the concentration devices displayed no more than 4% of the ATPase activities of the corresponding complete (plus chloroplast) reactions.
Protein Import Assays and Thermolysin Treatment. Protein import reactions were carried out in parallel with ATPase activity measurements, using the same batch of isolated chloroplasts and the same master mixes. As mentioned previously, samples to be assayed for protein import were withdrawn at 0 and 30 or 60 min after addition of precursor protein. Reactions were mixed with 600 μL of ice-cold IB and immediately centrifuged in a microfuge at 4°C. Chloroplasts were then subjected to SDS/PAGE, followed by either fluorography or immunoblotting. In some experiments, thermolysin digestion of nontranslocated precursor was conducted after the import reaction by addition of 200 μg thermolysin/mL and 5 mM CaCl 2 in IB; Chloroplasts were incubated at room temperature in the dark for 15 min in IB containing 5 μM tentoxin and 10 μM DCMU. ATP mixed with [γ-32 P]-ATP was then added to chloroplasts forming a final concentration of 3 mM, and then 1 mM DTT was added. Import reactions were started by adding 446 pmol bacterially expressed tp22-GFP (final concentration, 7.43 μM) or the resulting flow-through from concentrating tp22-GFP using Ultra-15 Centrifugal Filtration Devices (Amicon, cutoff 10 kDa). Samples were withdrawn at 0 and 30 min. Import reactions were stopped by adding 600 μL of cold IB followed by thermolysin treatment. Proteins were separated by SDS/PAGE followed by immunoblotting against GFP antibody. Analysis of ATPase activity was performed as described in Table 1 .
